In this work, we systematically study the two-body strong decay of the ρ/ρ 3 states, which are observed and grouped into the ρ/ρ 3 meson family. By performing the phenomenological analysis, the underlying properties of these states are obtained and tested. What is more important is that abundant information of their two-body strong decays is predicted, which will be helpful to further and experimentally study these states.
I. INTRODUCTION
There is abundant information on ρ/ρ 3 states collected in Particle Data Group (PDG) [1] , which provides that their spinparity J P could be 1 − /3 − and all of them are isovector. In Table I , we briefly review the resonance parameters of the observed ρ/ρ 3 states. As the total angular momentum J increases, the number of these states decreases.
The experimental status of these states stimulates our interest in revealing their underlying structures, since at present the properties of ρ/ρ 3 are still in chaos. First of all, we need to examine whether these ρ/ρ 3 can be categorized into the conventional meson family. Besides the study of mass spectrum, their Okubo-Zweig-Iizuka (OZI) allowed two-body strong decay behaviors can reflect important information on their structures. Thus, in this work we pay more efforts to systematically calculate the OZI-allowed strong decays of ρ/ρ 3 , where the quark pair creation (QPC) model will be applied to calculation. Before carrying out calculation, we need to determine the corresponding radial, orbital and spin quantum numbers to these ρ/ρ 3 , where we can refer to the analysis of mass spectrum, which will be summarized in the following section. By comparing our results with the experimental data, the meson assignment to these observed ρ/ρ 3 should be examined. Additionally, our obtained OZI-allowed two-body strong decay behaviors will provide valuable information of further experimental study on ρ/ρ 3 .
As mentioned above, this phenomenological study on ρ/ρ 3 can be applied to distinguish their possible meson assignments. In addition, owing to this work, we can learn how a state has not a suitable interpretation as a conventional meson state. Thus, our study may provide important judgment whether these studies are relevant to exotic hadron configuration or new novel mechanism. This paper is organized as follows. After introduction, we briefly review the present research status of these ρ/ρ 3 . In Sec. III, we discuss the possible meson assignment to these states using the mass spectrum analysis and introduce the QPC model. The allowed decay channels are also selected. In 
II. REVIEW OF RESEARCH STATUS
As shown in Table I , there are many ρ/ρ 3 states observed by experiments. Among these states, ρ(770) [8] is established to be the ground state with n 2S +1 L J = 1 3 S 1 with very broad full width. Thus, we will not include ρ(770) when briefly reviewing the research status of the ρ/ρ 3 states. In the following, we introduce the experimental and theoretical status of ρ/ρ 3 .
ρ(1600) was omitted in the 1988 edition of PDG [9] and replaced by ρ(1450) and ρ(1700), which is due to many theo-retical and experimental studies [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
In the past decades, many efforts have been made to explain the structure of ρ(1450). However, its property is still unclear at present. Although the study of the mass spectrum supports ρ(1450) as a 2 3 S 1 state [28] , the decay behavior is hard to be understood. The calculation in Ref. [29] shows that the ππ and ωπ channels are dominant in the ρ(1450) decays. Using the nonlocal Nambu-Jona-Lasinio model, the calculated partial widths of ρ(1450) → ππ and ρ(1450) → πω are also comparable with the experimental values [30, 31] . On the other hand, the theoretical decay widths of ρ(1450) → a 1 (1260)π and h 1 (1170)π become small [29] . However, the experimental result indicates that ρ(1450) mainly decays into 4π [1, 17, 23, 32] . To alleviate the discrepancy between the experimental and theoretical results of the 4π channel, ρ(1450) as a mixture of 2 3 S 1 ρ state and hybrid was introduced in Ref. [29] since Close et al. indicated that the vector hybrid with mass about 1.5 GeV can strongly couple with a 1 (1260)π [33] . Other theoretical studies [33, 34, 36, 37] also support this mixture.
Besides these two explanations for ρ(1450) as mentioned above, explanation of ρ(1450) as a 1 3 D 1 state was proposed in Refs. [38, 39] using the chiral symmetry method. If considering the mass spectrum analysis on the ρ meson family, we notice that the mass of the 1 3 D 1 ρ meson should be 1600 − 1700 MeV [40] . This mass discrepancy cannot be ignored when explaining ρ(1450) as a 1 3 D 1 ρ meson. ρ(1700) is a good candidate of the 1 3 D 1 ρ meson. Both the analysis of the branching ratio of ρ(1700) → 2π, 4π [32] and the study of e + e − → ωπ 0 via the nonrelativistic 3 P 0 quark model [41] show that ρ(1700) is a 1 3 D 1 state. There are many experiments relevant to ρ(1900). The DM2 Collaboration once reported a dip around 1.9 GeV by analyzing the e + e − → 6π process [21] . Later, the FENICE Collaboration observed a dip around 1.9 GeV in the R value measurement, which can be produced by the interference of a resonance with one of these broad vector mesons [42] . In 2001, the E687 Collaboration at Fermilab found a narrow dip structure at 1.9 GeV through the 3π + 3π − diffractive photoproduction [43] . If this dip is due to a destructive interference of a resonance with a continuum background, the resonance parameters can be extracted as m = (1.911 ± 0.004 ± 0.001) GeV and Γ = (29 ± 11 ± 4) MeV. By refitting their data, the E687 Collaboration indicated that the interference effect of a narrow resonance with known vector mesons (such as a broad ρ(1700)) can result in a dip [44] . In both of e + e − → 3π + 3π
− and e + e − → 2π + 2π − 2π 0 processes, the BaBar Collaboration announced the observation of a structure around 1.9 GeV [45] , which was confirmed by BaBar in the e + e − → φπ 0 process [2] . The CMD3 Collaboration observed a peak near the pp threshold, which can be identified as ρ(1900) [46] . In Ref. [40] , Bugg indicated that this CMD3's observation can be explained to be a 3 S 1 state captured by the very strong pp Swave or to be a non-resonant cusp effect.
Analyzing the data of the 6π mass spectrum from the e + e − annihilation [47] and the diffractive photoproduction [48] , Clegg and Donnachie indicated the existence of ρ(2150) [49] . Later, Biagini et al. [50] suggested that there exists the third radial excitation of ρ(770) by phenomenologically fitting the pion form factor [51] , and gave the corresponding resonant parameters m ≃ 2150 MeV and Γ ≃ 320 MeV, which is consistent with the result in Ref. [49] . In addition, the GAMS Collaboration also confirmed the observation of ρ(2150) in π − p → ωπ 0 n [52, 53] . In Refs. [3, 4, 6, 54] [56] , which was confirmed in Ref. [40, 57, 58] .
In Table. I, there are two more states of 1 −− listed in PDG [1] , which are ρ(2000) and ρ(2270). In the pp → ππ reaction, a resonance around 1988 MeV was found [7] . Later, Anisovich et al. obtained a J PC = 1 −− state at 2000 MeV in the same reaction [4] , which also appears in the pp → ωηπ 0 and ωπ processes [3, 5, 6] . ρ(2000) was suggested as the radial excitation of ρ(1700) [3] . In Ref. [59] , Bugg concluded that ρ(2000) can be a mixed state with a significant 3 D 1 component.
In the reaction γp → ωπ + π − π 0 , a resonance at 2280 ± 50 MeV was reported by the Omega Photon Collaboration [48] . The analysis of the Crystal Barrel data indicates that ρ(2270) is important to fit the ωηπ data, and can be ignored to describe the ωπ data [3] . The Regge trajectory analysis shows that ρ(2270) can be a 3 3 D 1 state, i.e., the second radial excitation of ρ(1700).
In PDG [1] , there are three ρ 3 states. ρ 3 (1690) was first observed in Refs. [60, 61] , which was once regarded as a π + π − resonance. At present, ρ 3 (1690) is established to be a 3 D 3 state, which can decay into 2π, KK, KKπ, 4π, ωπ, and ηπ + π − as shown in PDG [1] . Additionally, two more new decay modes a 2 (1320)π and ρη were reported in Ref. [62] . Besides the 3 D 3 explanation for ρ 3 (1690), it could be interpreted as a three-rho meson molecular state in Ref. [63] .
As a 3 −− state, ρ 3 (1990) with m ∼ 2007 MeV and Γ ∼ 287 MeV was observed in the ππ invariant mass spectrum of pp → ππ [7] , which was confirmed by analyzing the Crystal Barrel data [4, 5, 54] , where a 3 −− resonance exists in the pp → π + π − , ωπ processes. The ωηπ 0 decay of ρ 3 (1990) was reported in Ref. [6] . In Ref. [3] , a combined fit to the ωπ, ωηπ 0 and π − π + data was performed, which gives the weighed mean of mass and width of ρ 3 (1990) as listed in Table I .
There are many experimental papers relevant to ρ 3 (2250) as shown in PDG [1] . ρ 3 (2250) was first observed by BNL through studying the S-channelpN cross section [64] . Later, ρ 3 (2250) was also found in the reactions pp →pp [65] , pp → NN [66] , pp → K + K − [67] , and pp → ππ [7, [68] [69] [70] . In 2000, the VES Collaboration reported a 3 −− resonance at 2290 MeV in the reaction π − p → ηπ + π − n [62] . The analysis of the Crystal Barrel data for the pp → π − π + [4] , pp → ωηπ 0 [6] and pp → ωπ [5] reactions also requires the existence of ρ 3 (2250). A plot of the Regge trajectory for the mass spectrum of the 3 −− states was presented in Refs. [3] [4] [5] , where ρ 3 (1990) and ρ 3 (2250) are treated as the 2 3 D 3 and 3 3 D 3 states, respectively.
III. TWO-BODY STRONG DECAYS
Before carrying out the study of the two-body strong decay of these ρ/ρ 3 states shown in Table I , we need to illustrate the analysis of their Regge trajectory.
The analysis of the Regge trajectory is an effective approach to quantitatively study meson mass spectrum. In general, there exists an expression [56, 71] 
where M 0 is the mass of ground state and µ 2 denotes the trajectory slope and n is the radial quantum number of the corresponding meson with mass M. The relation expressed by Eq. (1) Fig. 1 is reasonable. Here, the QPC model is adopted to calculate the partial decay widths of these decays.
The QPC model was first proposed by Micu [72] and further developed by the Orsay group [73] [74] [75] [76] [77] . It is has been widely adopted to study the OZI-allowed strong decay of hadrons . For depicting a quark-antiquark pair created from the vacuum, a transition operator T is introduced by
Here, p 3 /p 4 denotes the three momentum of quark/antiquark created from the vacuum. Thus, the transition matrix element of the A → B + C process can be expressed as
where P B /P C is the three momentum of the final state hadron B/C in the center of mass frame of the initial state A. [101] , the decay amplitude is expressed as
Furthermore, the decay width reads as
where m A is the mass of the initial state A. In the concrete calculation, the harmonic oscillator wave function
is applied to describe the meson wave function. In the QPC model, two parameters R and γ are introduced. Here, R can be determined by reproducing the realistic root mean square radius which is obtained by solving the Schrödinger equation with the potential in Ref. [89] . Although the R values can be obtained by the above approach in principle, these values are to be used for reference only. Thus, we illustrate the calculated partial decay widths of these ρ and ρ 3 states in terms of parameter R within a typical range of values. γ is a dimensionless constant for describing the strength of the quark pair creation. By systematically fitting the experimental data, γ = 8.7 is obtained for uū/dd pair creation (see Table II in Ref. [100] for more details in extracting the γ value), while the strength of the ss pair creation satisfies γ = 8.7/ √ 3 [76] .
In Table II , the allowed two-body strong decay channels of ρ/ρ 3 are listed. Using the QPC model, we obtain the corresponding partial decay widths. In the next section, we will compare our theoretical results with the experimental data to perform a phenomenological analysis, which will be helpful to further reveal the underlying properties of these ρ/ρ 3 states.
IV. PHENOMENOLOGICAL ANALYSIS
A. n 3 S 1 states
Assuming ρ(1450) as a 2 3 S 1 isovector meson, its twobody strong decay behavior is calculated and shown in Fig. 2 . Our calculation shows that ππ, πa 1 (1260), πω and πh 1 (1170) are its dominant decay modes, where πa 1 (1260), πω and πh 1 (1170) can contribute to the 4π final state. In addition, the obtained width of ρ(1450) → ηρ is also in good agreement with the data in Refs. [1, 23] . The partial decay widths of ρ(1450) into KK, KK * + H.c. and ππ(1300) are small in our calculation. As for ρ(1450) → πa 2 (1320), the decay width is tiny. Thus, the experimental data listed in PDG [1] can be quantitatively compared with our results. Given the information of partial decay widths, we obtain the total width of ρ(1450) by summing over all partial decay widths. In Fig. 2 , we show the comparison of our results with the CMD-2 data [102] , which indicates that there exists a common range between our theoretical total width and the experimental data. Additionally, the obtained total width is also consistent with the experimental width given in Ref. [15] , and overlaps with the measured full width listed in Refs. [23, 103] , which is about 310 MeV.
Besides providing the information of the partial decay widths of ρ(1450), in Table III several ratios Γ ππ /Γ πa 1 (1260) , Γ πh 1 (1170) /Γ πa 1 (1260) and Γ πa 1 (1260) /Γ T otal are also given, which are weakly dependent on the parameter R. Experimental measurement of these ratios will be a good test of the 2 3 S 1 assignment to ρ(1450).
Because of the above analysis, we conclude that it is easy to explain ρ(1450) as a 2 3 S 1 state, which is also supported by a recent work in Ref. [104] [1] . The calculated two-body strong decays of ρ(1900) are presented in Fig. 3 , where the theoretical total width overlaps with the BaBar's data [29] . In addition, the main decay modes of ρ(1900) are ππ, πa 1 (1260), πh 1 (1170), ππ(1300), and πω(1420). Thus, ρ(1900) has a large 4π branching ratio and the decays into ρρ, KK, and ηb 1 (1235) are sizeable. In Table. III, we also show several ratios of its partial decay widths. These predicted decay behaviors will be helpful to experimentally study ρ(1900) in future.
As shown in Fig. 1 , ρ(2150) can be a 4 3 S 1 state. The OZIallowed two-body strong decay widths are listed in Fig. 4 . The obtained total width is dependent on the R value due to the node effect, where the total width is (108 − 287) MeV corresponding to R = (4.3 − 5.0) GeV −1 . From PDG [1] , we notice that the measured total width of ρ(2150) from the e + e − interaction is larger than that from the pp → ππ process and Schannel NN interaction. Here, the experimental total widths of ρ(2150) are (350 [55] , 389 [50] , 410 [49] , 310 [55] ) MeV, (296 [7] , 40 [105] , 250 [70] , 200 [69] ) MeV, and (230 [3] , 135 [65] , 98 [106] , 85 [64] ) MeV corresponding to the e + e − interaction, pp → ππ channel and S -channel NN process, respectively. Our calculation favors the data measured at the pp → ππ process and S -channel NN interaction. For example, in Fig. 4 we compare our result of the total width with that in Ref. [3] obtained by analyzing the SPEC's data, where the theoretical and experimental results overlap with each other when R = (4.74 − 4.98) GeV −1 . The calculation of the partial decay widths shows that ρ(2150) decays dominantly into ππ, πa 1 (1260), πω and πh 1 (1170). More information of other partial decay widths can be found in Fig. 4 . We notice that ρ(2150) was observed in the decay channels π + π − , ωπ 0 , η ′ ππ, f 1 (1285)ππ, ωπη, K + K − and 6π [1] , which can be reasonably explained by our study. Furthermore, based on the obtained partial decay widths, we also give several ratios of some partial decay widths in Table III , respectively, where the experimental error is considered. These obtained ranges of R also roughly reflect a regularity, i.e., the corresponding R value becomes larger when the radial quantum number increases, which is consistent with the estimate of the potential model [89] .
The Regge trajectory analysis shows that ρ(1700), ρ(2000) and ρ(2270) can be categorized into the n 3 D 1 ρ meson family (see Fig. 1 ). In this subsection, we discuss their two-body decay behaviors.
As the ground state of the 3 D 1 ρ meson family, ρ(1700) mainly decays into πa 1 (1260) and πh 1 (1170). Of course, ππ and ρρ are the important decay channels. These results are consistent with the experimental data [1, 23] , which naturally explains why ρ(1700) can be found in its 4π and ρππ channels. However, the obtained total decay width is larger than most of experimental data listed in PDG. In Fig. 5 , we give the comparison between our result and the experimental total width from Ref. [23] , where the theoretical total width can overlap the experimental result with error when R > 4.55 GeV −1 . In addition, we find that the decay width of ρ(1700) → ωπ is always smaller than that of ρ(1700) → ππ, which does not depend on the R value. This conclusion is consistent with the results in Refs. [23, 28, 107] . The obtained decay width of ρ(1700) → ππ is comparable with the value (39 ± 4) MeV given in Ref. [108] . In the Godfrey-Isgur potential model [28] , the estimated decay width for ρ(1700) → ωπ is about 25 MeV, which well agrees with our calculation of TABLE II: The OZI-allowed two-body decay modes of the ρ/ρ 3 states. Here, ω, ρ and η ′ denote ω(782), ρ(770) and η ′ (958), respectively. The allowed two-body decays are marked by . ρ(1700) → ωπ. For the ρ(1700) → ηρ decay, the calculated result is comparable with that listed in Ref. [23] . In Table  III , some ratios of the partial decay widths of ρ(1700) are presented.
According to PDG, as for ρ(1700) the ratio Γ ππ(1300) /Γ 4π is 0.3 while the ratio Γ πa 1 (1260) /Γ 4π is 0.16 (with a large uncertainty) [32] . We need to emphasize that these ratios Γ ππ(1300) /Γ 4π and Γ πa 1 (1260) /Γ 4π listed in PDG can be changed with different considerations of fitting the experimental data (see Sec. 4.3 in Ref. [32] for more details). If adopting these two experimental ratios, that would mean that the decay into ππ(1300) should be more likely than into πa 1 (1260). However, we get an order of magnitude larger decay rate into πa 1 (1260). This discrepancy should be explained when assigning ρ(1700) as a 1 3 D 1 state. Introducing the exotic state explanation to ρ(1700) and studying the corresponding decay behavior are an interesting topic.
As the candidate of a 2 3 D 1 state, the two-body decay and . The partial and total decay widths of ρ(1700) dependent on the R value. Here, we do not list ρ(1700) → πa 0 (1450) due to its tiny decay width. The dashed line with band is the experimental total width from Ref. [23] .
total decay widths of ρ(2000) are obtained in Fig. 6 . The total width can overlap with the Crystal Barrel result in Ref. [4] when R = (4.34 − 4.80) GeV −1 . ρ(2000) dominantly decays into ππ(1300), ρρ, ππ 2 (1670) and πa 1 (1260). The decay channels of the ρ(2000) into ππ, πh 1 (1170), πa 2 (1320), πω(1420) and ηb 1 (1235) are also important. [3] as shown in Fig. 7 . The main decay modes are ππ(1300) and ππ(1800). Other important decay channels include πa 1 (1260), ωa 1 (1260), ρ f 2 (1270), and ρb 1 (1235).
At present, experiments scarcely provide information on ρ(2270). Thus, the theoretical predictions of the two-body strong decays of ρ(2270) shown in Fig. 7 and Table IV can provide valuable guidance to future experimental study on If ρ 3 (1690) is a 1 3 D 3 state, the partial decay widths are shown in Fig. 8 , where the decay of ρ 3 (1690) is dominated by the ρρ channel. The other large decay modes include πω, ππ and πh 1 (1170). The decay modes of πa 2 (1320), πa 1 (1260) and ηρ are also sizeable. In Table V , several branching ratios of ρ 3 (1690) and the ratio Γ πa 2 (1320) /Γ ηρ are calculated in comparison with the cor- responding experimental values. Our branching ratios of ρ 3 (1690) → ππ, πω and the ratio Γ πa 2 (1320) /Γ ηρ are comparable with the experimental results. At present, experiments reveal that ρ 3 (1690) dominantly decays into 4π with the branching ratio ∼ 71.1% [1] , which is supported by our calculation, where the final states πω and ρρ can mainly contribute to the 4π final state.
In Fig. 8 , we give comparison of our results with the experimental data [109] . If reproducing the experimental total width, the adopted R value is about 3 GeV −1 , which is un- [89] . This situation shows that ρ 3 (1690) as a 1 3 D 3 state seems questionable. For clarifying this point, we suggest the precise measurement of its resonance parameters in future experiments. Of course, this discrepancy mentioned above also provides a possibility of introducing the exotic state explanation to ρ 3 (1690). We notice that a three-ρ meson molecular state was proposed in Ref. [63] .
The partial decay widths of ρ 3 (1990) are predicted in Fig.  9 , where the mass of ρ 3 (1990) in Table I is adopted in our calculation. ρ 3 (1990) mainly decays into ρρ, ππ, πω, ππ(1300) and πω. Several typical decay branching ratios of ρ 3 (1990) are presented in Table VI . The calculated total decay width of ρ 3 (1990) is compatible with the experimental data [3] as shown in Fig. 9 . In addition, ρ 3 (1990) → ππ, πω were observed in the experiment [1] . Our calculation shows that the decay widths of ρ 3 (1990) → ππ, πω are sizeable.
In Fig. 10 and Table VI , the decay properties of ρ 3 (2250) as a 3 3 D 3 are illustrated. For higher ρ 3 meson, the decay behavior reflects the node effect, where ρ 3 (2250) decay widths are dependent on the R value. If taking a typical value of R = 4.62 GeV −1 , we can obtain the total decay width consistent with the experimental data [3] . The corresponding main partial decay channels are ππ, ππ(1300) and πω. Contrary to the former ρ 3 (1690) and ρ 3 (1900), the decay width of ρ 3 (2250) → ρρ is small. At present, ρ 3 (2250) was observed in its ππ, KK, ηππ, πω and ωa 2 (1320) decay channels.
V. SUMMARY
In the past decades, many more ρ/ρ 3 states have been observed in experiments. How to categorize these ρ/ρ 3 states into the meson family is an intriguing research topic, which can improve our knowledge of light hadron spectrum. In this work, we systematically study the OZI-allowed two-body strong decay behaviors of the observed ρ/ρ 3 states, where the QPC model [72] is applied to the concrete calculation.
As shown in Fig. 1 , the mass spectrum analysis can provide preliminary information on these ρ/ρ 3 states, where their quantum numbers are assigned. Given these assignments, we perform the calculation of two-body strong decays of these ρ/ρ 3 states listed in Table I . By comparing our theoretical results with the existing experimental data, the hadron structure properties of these ρ/ρ 3 states can be obtained and examined.
Besides getting the hadron structure properties of these ρ/ρ 3 states, our study also provides abundant decay information of these states, which can be as a valuable guidance to further experimental study on light hadron spectrum. Since the decay widths of the πa 0 (1450), ρρ(1450), K * K 1 (1270) and ρη(1475) channels are much smaller than that of the KK * (1680) channel, we do not list these channels here. The dashed line with band is the experimental data [3] .
